Membrane depolarization has been shown to play an important role in the neural differentiation of stem cells and in the survival and function of mature neurons. Here, we introduce a microbial opsin into ESCs and develop optogenetic technology for stem cell engineering applications, with an automated system for noninvasive modulation of ESC differentiation employing fast optogenetic control of ion flux. Mouse ESCs were stably transduced with channelrhodopsin-2 (ChR2)-yellow fluorescent protein and purified by fluorescence activated cell sorting (FACS). Illumination of resulting ChR2-ESCs with pulses of blue light triggered inward currents. These labeled ESCs retained the capability to differentiate into functional mature neurons, assessed by the presence of voltage-gated sodium currents, action potentials, fast excitatory synaptic transmission, and expression of mature neuronal proteins and neuronal morphology. We designed and tested an apparatus for optically stimulating ChR2-ESCs during chronic neuronal differentiation, with high-speed optical switching on a custom robotic stage with environmental chamber for automated stimulation and imaging over days, with tracking for increased expression of neural and neuronal markers. These data point to potential uses of ChR2 technology for chronic and temporally precise noninvasive optical control of ESCs both in vitro and in vivo, ranging from noninvasive control of stem cell differentiation to causal assessment of the specific contribution of transplanted cells to tissue and network function. STEM CELLS 2011;29:78-88 Disclosure of potential conflicts of interest is found at the end of this article.
INTRODUCTION
ESCs or induced pluripotent stem cells (iPSCs) potentially could be employed in the study and treatment of central nervous system (CNS) diseases such as Parkinson's disease [1] [2] [3] [4] [5] [6] , stroke [7] [8] [9] , and spinal cord injury [10] [11] [12] . Indeed, ESCs can give rise to functional neurons capable of integrating into the host after intracerebral transplantation [13] [14] [15] [16] , suggesting that stem cell therapy has the potential to become a therapeutic approach in brain disease if suitably differentiated cells can be (a) generated [17] [18] [19] [20] [21] [22] [23] , (b) integrated into native circuitry [5, 24] , and (c) controlled [25] [26] [27] [28] . All three of these key processes are intrinsically activity-dependent [29] [30] [31] [32] , and specific control of electrical activity in differentiating neural cells and their progeny is therefore a central goal in CNS regenerative medicine. Channelrhodopsin-2 (ChR2) is a rapidly gated blue light-sensitive cation channel suitable for noninvasive control of ion flux [33] [34] [35] [36] [37] [38] [39] [40] [41] . Here, we explore the potential of this optogenetic [42] strategy for chronic and temporally precise noninvasive optical control of electrical activity in ESCs and their progeny. For this approach, it was necessary to develop a set of automated high-speed optical stimulation tools (hardware, software, and cell lines) to noninvasively and specifically modulate ESCs and their progeny with light.
MATERIALS AND METHODS

Mouse ESC Culturing
Mouse ESCs (CRL-1934, ATCC, Manassas, VA, www.atcc.org) were grown in Dulbecco's Modified Eagle's medium (DMEM) medium (ATCC) containing medium conditioned by feeder cells (CRL-1503, ATCC), 15% fetal calf serum (Gibco, Invitrogen, Carlsbad, CA, www.invitrogen.com), 15 ng/ml leukemia inhibitory factor (LIF; Sigma-Aldrich, St. www.sigmaaldrich.com), 0.1 mM 2-mercaptoethanol (SigmaAldrich), and 1% penicillin-streptomycin (Sigma-Aldrich). The cells were cultured in 75-cm 2 cell culture flasks (Falcon, BD Biosciences, Franklin Lakes, NJ, www.bdbiosciences.com) with 20 ml medium at 37 C and 5% CO 2 and passaged every 3 days. Only undifferentiated cells that could be easily suspended on brief trypsination were used for the experiments. After washing in phosphate-buffered saline (PBS; Gibco, Invitrogen), cells were counted in a Neubauer counting chamber. The viability was determined by staining with trypan blue solution (0.4%; SigmaAldrich).
Transduction of ESCs with ChR2
Lentiviruses carrying the ChR2-enhanced yellow fluorescent protein (EYFP) fusion gene under the control of the elongation factor 1-a (EF1a) promoter were generated as previously described [35] . Viruses were concentrated via ultracentrifugation and redissolved in PBS at 1/1,000 of the original volume. The concentrated viruses were then incubated with ESCs for 24 hours and transduction efficiency evaluated using fluorescent microscopy 1 week after transduction. To obtain a highly and homogenously expressing ChR2-ESC colony, cells were sorted using fluorescence activated cell sorting (FACS); a subpopulation consisting of the top 5% of yellow fluorescent protein (YFP)-expressing cells was collected. A subpopulation of ChR2-ESCs was reinfected with lentiviruses on neuronal differentiation, to test whether subsequent transduction affects viability and gene expression. Transduction of ESC-derived neurons might be of importance in future studies requiring further increase of ChR2-expression or in cell populations, which cannot be sorted.
Neuronal Differentiation of ESCs
Neuronal differentiation was performed as previously described [17, 22] . For optical stimulation, ESCs were plated on Matrigelcoated dishes in embryoid body stage in complete ESC medium (see above). After 24 hours, medium was changed to ESC medium lacking LIF and including 0-5 lM retinoic acid (RA) and changed every second day for 5 days.
Immunohistochemical Staining of Cultured Cells
Cells were fixed with 4% paraformaldehyde in PBS for 30 minutes at room temperature. Fixation was stopped by washing cells three times with 0.1 M glycine/PBS. Cells were permeabilized and blocked (4% bovine serum albumin (BSA)/0.4% saponin/PBS) for 30 minutes and incubated in primary antibody solution at 4 C overnight. Cells were washed four times and incubated with secondary antibody at room temperature for 2 hours. Cells were washed three times with PBS, and at the final washing step 4 0 ,6-diamidino-2-phenylindole (DAPI) was added (1:50,000). Coverslips were mounted using anti-quenching Fluoromount. Primary antibodies were mouse anti-stage-specific embryonic antigen-1 (SSEA1) (Chemicon, Millipore, Billerica, MA, www.millipore.com; 1:300), mouse anti-nestin (Chemicon 1:200), chicken anti-bIII tubulin (Chemicon 1:200), mouse anti-microtubule-associated protein 2 (MAP2) antibodies (Sigma 1:500), rabbit anti-vGlut 2 (Chemicon 1:200), and rabbit anti-a 1C, rabbit anti-a 1D, rabbit anti-a 1G, and rabbit anti-a 1H (all Alomone Labs, Jerusalem, Israel, www.alomone.com; 1:200). Cy3-or Cy5-conjugated donkey anti-mouse, -chicken and -rabbit secondary antibodies (Jackson, West Grove, PA, www.jacksonimmuno.com) were all used at 1:200.
Reverse Transcription Polymerase Chain Reaction
Cells were homogenized by homogenizer (Invitrogen). RNA isolation was performed using Micro-to-Midi Total RNA Purification System (Invitrogen). Prior to reverse transcription polymerase chain reaction (RT-PCR), RNA samples were pretreated with DNaseI (Invitrogen) and reverse transcription conducted per manufacturer's protocol. Negative controls without reverse transcriptase did not result in amplified sequences. Mouse hippocampal total RNA was purchased from Clontech Laboratories (Mountain View, CA, www.clontech.com) and the resulting cDNA served as a positive control. For PCR analysis, primers targeted to coding regions of two subunits each from both the L-and T-type voltage-gated Ca 2þ channel (VGCC) families were used, they are as follows (see Table 1 for primer sequences): L-type a1C; L-type a1D; T-type a1G; T-type a1H; housekeeping gene (Actin). PCR products of actin and L-type and T-type subunits were cloned and sequenced to confirm identity. For analysis of stemness and neural markers, total RNA was extracted from cells using Mini RNeasy kit (Qiagen, Valencia, CA, www.qiagen.com). Primers targeted to the coding regions of following markers were used (see Table 1 for primer sequences): Pluripotency marker Oct4, Sox2, Nestin, neuronal cell adhesion molecule 1, MAP, and housekeeping gene GAPDH.
Long-Term Optical Stimulation of ESCs
Key components of the hardware interface include (a) Oasis4i Controller (Objective Imaging, Cambridge, United Kingdom; hardware for x-y-z 3-axis and focus control; http://www.objectiveimaging.com/Download/OI_Download.htm; software development kit [SDK] for the Oasis4i Controller), (b) DG-4 Ultra HighSpeed wavelength switcher (Sutter, Novato, CA, www.sutter. com), (c) Retiga SRV Camera (QImaging, Surrey, BC, Canada, www.qimaging.com), and (d) Leica DM6000 Microscope controlled by Abstract Hardware Model controller. The parallel port is controlled using DLPORTIO library file (www.driverlinx.com/ DownLoad/DlPortIO.htm; Dlls for parallel port control) and camera parameters (gain, exposure) set using QCam SDK (Ver. Five.1.1.14; http://www.qimaging.com/support/downloads/; SDK to control the Retiga SRV/ Exi Cameras). The custom software user interface to the optogenetic stimulation setup was developed using the Microsoft Foundation Library (MFC; Ver. Eight.0) and is available on request. Briefly, regions of interest (ROI; for example, an embryoid body or a small well in a multiwell plate) to be stimulated and/or imaged are selected using the Oasis4i Controller, and their locations saved using the MFC interface. Stimulation parameters (excitation filter wavelength, the duration of the excitatory pulse, and the frequency and duty cycle of excitation) are then set in the custom graphical user interface (GUI).
To allow stimulation space to be mapped, each region of interest can be readily programmed to receive a different stimulus pattern to operate over the many days of stimulation and imaging. Similarly, imaging parameters can also be varied for selected regions, including number of images per region and exposure, gain, excitation, and emission filters. Undifferentiated cells were seeded on Matrigel (BD)-coated coverslips in 24-well plates in complete ESC medium at a density of 100,000 cells/well. Both native ESCs and ChR2-expressing ESCs were used in different wells on the same plate. Twentyfour hours after seeding, medium was changed to the various experimental conditions including complete ESC medium, ESC medium lacking both LIF and conditioned media from feeder cells (differentiation medium), differentiation medium with 1 lM RA (Sigma), and differentiation medium with 2.5 lM RA. Optical stimulation was conducted using the described custom hardware and software (Fig. 4) . Up to 30 ROIs were defined per well, ensuring that all cell-containing regions on the coverslip were stimulated. ROIs were illuminated every hour around the clock over 5 days with blue light (470 nm) pulsing at 15 Hz for 10 seconds, using a Â10 objective (NA 0.3). Every 8 hours, a photomicrograph was programmed to be taken of the selected ROIs. At the end of the experiment, coverslips were removed from the plates and immediately fixed with paraformaldehyde in PBS and stained as described earlier. Mounted slides were labeled with coded numbers by a colleague so that the investigators conducting confocal analysis were blind to treatment condition.
Confocal Microscopy and Image Analysis
Confocal imaging was conducted using the Leica SP2 (Leica, Wetzlar, Germany, www.leica-microsystems.com) confocal microscope with a Â40 oil objective (NA 0.75) and an Olympus FV1000 (Olympus, Center Valley, PA, www.olympusfluoview. com) for analysis of neuronal differentiation, with a Â60 oil objective (NA 1.42). For DAPI excitation, a 402-nm diode laser was used; Cy5-nestin was excited using a 633 nm HeNe laser. Six ROIs were randomly and blindly selected for analysis per coverslip, and 1,024 Â 1,024 8-bit confocal images were obtained. For each ROI, a z-stack with 8-12 x-y-sections and a zstep size of 0.98 lm were collected, thereby including all cells present in the ROI. Data analysis was conducted using ImageJ (NIH) software, and after unblinding, confocal images of all ROIs of all coverslips of each condition (e.g., ChR2-ESCs, optically stimulated, 2.5 lM RA) were converted into a single zstack. Fluorescence intensity histograms were calculated [43] for DAPI and nestin channels. DAPI histograms reflecting the cell numbers allowed for a normalization of nestin histograms. All nestin voxel numbers have been divided by this DAPI factor. For analysis of neuronal differentiation, Cy3-b3-tubulin was excited using a 559-nm laser. Again, six ROIs were randomly and blindly selected for analysis per coverslip, and 1,024 Â 1,024 8-bit confocal images were obtained. b3-Tubulin-expressing cells constituted a monolayer, individual cells could be easily discriminated. Therefore, a z-stack with three x-y-sections and a z-step size of 1.4 lm was collected in each ROI, covering all b3-tubulinexpressing cells. The Cy3-channel was merged with the DAPI channel using ImageJ software. b3-Positive cells were counted manually for all ROIs. After unblinding, cell counts from each condition were normalized by the cell count from the ''native ESC with 2.5 lM RA w/o stimulation'' condition. Statistical analysis was conducted using SPSS 17.0 (Chicago, IL, www.spss.com) software. To statistically compare histograms, the parameter-free Kolmogorov-Smirnov (K-S) test [44] was employed, and to compare means, statistical significance was calculated using the t test.
Stereotactic Cell Transplantation
Rats (male Wistars, 250-350 g) were the subjects of these experiments. Animal husbandry and all aspects of experimental manipulation of our animals were in strict accord with guidelines from the National Institute of Health and approved by members of the Stanford Institutional Animal Care and Use Committee. Rats were anesthetized by i.p. injection (90 mg ketamine and 5 mg xylazine per kg of rat body weight). For cell transplantation, a 1-mm craniotomy was drilled over motor cortex. One microliter of ESCs-expressing ChR2-EYFP fusion protein at a density of 50 Â 10 3 cells per microliter suspended in PBS was injected (26 g Hamilton syringe) into rat motor cortex (anterior-posterior, þ 1.5 mm; medial-lateral, þ 1.5 mm; dorsal-ventral, À 1.5 mm). The injection duration was 10 minutes; an additional 10-minute delay followed before syringe withdrawal, and electrophysiology was conducted after 1 week.
Electrophysiology
For acute slice electrophysiological experiments, 1 week postcell transplantation, 250-lm cortical slices were prepared in ice-cold cutting buffer (64 mM NaCl, 25 mM NaHCO 3 , 10 mM glucose, 120 mM sucrose, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 0.5 mM CaCl 2 , and 7 mM MgCl 2 , equilibrated with 95% O 2 /5% CO 2 ) using a vibratome (VT 1,000 S; Leica). After a recovery period of 30 minutes in cutting buffer at [32] [33] [34] [35] C, slices were gently removed to a recording chamber mounted on an upright microscope (DM LFSA, Leica) and continuously perfused at a rate of 3-5 ml/minute with carbonated artificial cerebrospinal fluid (ACSF) (124 mM NaCl, 3 mM KCl, 26 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 2.4 mM CaCl 2 , 1.3 mM MgCl 2 , 10 mM glucose) ventilated with 95% O 2 /5% CO 2 . ChR2-YFP-ESCs were identified on an upright fluorescence microscope (DM LFSA, Leica) with a Â20, 0.5 NA water immersion objective and a YFP filter set. Images were recorded with a CCD camera (Retiga Exi, Qimaging) by Qimaging software. Electrophysiological recordings in cultured ChR2-YFP ESCs were performed as previously described [35, 39] , in Tyrode solution containing (in mM): NaCl 125, KCl 2, CaCl 2 3, MgCl 2 1, glucose 30, and HEPES 25 (pH 7.3 with NaOH). Membrane currents were measured with the patch-clamp technique in whole-cell mode [45] using Axon Multiclamp 700B (Axon Instruments, Molecular Devices, Sunnyvale, CA, www.moleculardevices.com) amplifiers. Pipette solution consisted of: 97 mM potassium gluconate, 38 mM KCl, 6 mM NaCl, 0.35 mM sodium ATP, 4 mM magnesium ATP, 0.35 mM EGTA, 7 mM phosphocreatine, and 20 mM HEPES (pH 7.25 with KOH). Pipette resistance was 4-8 MX. Membrane potential was noted at the time of establishing the whole-cell configuration. We employed pClamp nine acquisition software (Axon Instruments), a DG-4 high-speed optical switch with 300 W xenon lamp (Sutter Instruments) and a GFP filter set (excitation filter HQ470/40x, dichroic Q495LP; Chroma, Bellows Falls, VT, www.chroma.com) to deliver blue light for ChR2 activation. Through a Â20 objective lens, power density of the blue light was 8-12 mW/mm 2 , measured by power meter (Newport, Irvine, CA, www.newport. com). All experiments were performed at room temperature (22-24 C) .
RESULTS
Functional Expression of ChR2 in ESCs
To assess the potential of optogenetics in stem cells, mouse ESCs were transduced with a lentiviral ChR2-YFP-construct under the control of the EF1a promoter [46] ; after sorting for the top 5% based on YFP fluorescence intensity (Fig. 1A) , we found that the population doubling time and vitality of the resulting ChR2-YFP-ESCs did not differ significantly compared with nontransduced ESCs (supporting information Fig. 1 ), and confocal microscopy demonstrated membrane localization of ChR2-YFP with high, uniform expression levels in the ESC population (Fig. 1B) . ChR2-ESCs continued to express the ESC markers Oct4 and Sox2 as measured by RT-PCR (Fig. 1C ) and SSEA1 (supporting information Fig. 1 ), maintaining the undifferentiated state as in nontransduced control cells. Electrophysiologically, the ChR2-ESCs displayed typical outwardly rectifying and passive currents, whereas illumination with blue light (470 nm, 500-ms pulse duration) evoked inward photocurrents (Fig. 1D, 1E) ; steadystate photocurrents showed little inactivation, whereas peak photocurrents showed inactivation and recovery with kinetics similar to that previously shown in neurons [35] (Fig. 1F) .
To test whether transplanted ChR2-ESCs could still respond to optical stimulation, 5 Â 10 5 ChR2-YFP-expressing
ESCs were stereotaxically injected into the cortex of healthy rats. One week after transplantation, animals were sacrificed and in acute slices, transplanted cells could be identified by YFP fluorescence (Fig. 1G, 1H ). Patch clamp recordings were conducted, revealing inward currents on illumination with blue light (Fig. 1I ) that displayed typical inactivation of the peak current and stability of the steady-state current.
ChR2-ESCs Express VGCCs
Intracellular Ca 2þ is a major mediator of differentiation and survival in stem cells and their progeny, especially in neural lineages [29] . ChR2 itself is a nonselective cation channel that directly allows Ca 2þ entry into cells [47, 48] . Additional routes of photo-evoked Ca 2þ entry could include activation of VGCCs by virtue of ChR2-induced membrane voltage changes. Notably, we found that mouse ESCs express four major VGCCs assessed by RT-PCR and immunoreactivity ( Fig. 2A) , and this supplementary mechanism for photoactivated Ca 2þ entry could become increasingly potent as cells proceed down the neuronal lineage and develop hyperpolarized membrane potentials. Moreover, the known Ca 2þ flux of ChR2 itself suggested the potential for optical control of stem cell processes.
ChR2-ESCs Differentiate into Functional Excitatory Neurons
We first verified that ChR2-ESCs were capable of neural lineage differentiation, using a RA-based neural differentiation protocol. RT-PCR revealed gene expression of neural and neuronal markers, complemented with immunofluorescent stainings for neuronal cytoskeletal proteins b3-tubulin and MAP2 (Fig. 2B) . Reinfection with EF1a-ChR2 lentivirus did not alter gene expression profile. By day 28, the resulting ChR2-ESC-derived neurons displayed strong ChR2-expression (Fig. 2B) and mature neuronal morphology. Generated neurons were expressing the vesicular glutamate transporter II (Fig. 3A) . Electrophysiologically, cells displayed sodium currents, action potentials, and excitatory postsynaptic currents, which could be blocked by excitatory synaptic transmission glutamate receptor antagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and D-2-amino-5-phosphonopentanoate (D-AP5) (Fig. 3B-3D ).
Automated Optical Stimulation
One challenge in deriving replacement tissues from ESCs is that differentiation takes place over many days and therefore, also the patterning and differentiation stimuli. Hence, to be applicable, optogenetic stimulation must be deliverable in chronic fashion. In designing the system to meet this challenge, it is also important to consider that as knowledge of the precise combinations and timing of signaling events required for stem cell differentiation is limited, a multiwell configuration would in principle be desirable, to allow for fast optical mapping of cell lines, conditions, and ''differentiation space'' in the laboratory. We therefore devised an automated multiwell optogenetic stimulation approach designed to precisely revisit and optically stimulate multiple ROIs in defined patterns over extended periods of time (Fig. 4A) .
ROIs in multiwell plates were user-defined in a custom GUI and their locations saved for rapid and reproducible access by a robotic stage. Stimulation parameters (excitation filter wavelength, optical switch pulse duration, and frequency/duty cycle of excitation) were set in the custom software, which also controls the microscopic stage in all three spatial dimensions, and controls operation of the DG-4 optical switch, which employs spinning galvanometers to deliver light with submillisecond precision. The microscope itself is surrounded by a climate-controlled Plexiglas chamber wherein both temperature and CO 2 -level are tightly regulated and temporally precise imaging can proceed in parallel with optical stimulation (Fig. 4B) . ESCs can be cultured and photostimulated in this environment rather than in a standard incubator for many weeks, allowing us to investigate the effect of optogenetic stimulation on the differentiation of ESCs in a controlled, reproducible manner.
Optogenetic Modulation of ESC Neural and Neuronal Differentiation
Using a multiwell setup, differentiation space could be efficiently mapped while controlling for nonspecific effects related to the rig or to illumination. Cells were stimulated for 5 days with blue light (470 nm at 15 Hz for 10 seconds) delivered every 60 minutes using a Â10 objective. The survival and morphology of the cells were monitored using timelapse imaging every 8 hours. Cells incubated without RA and with 2.5 lM RA showed no decrease in cellular viability, however, incubation with 5 lM RA resulted in significant reduction of cell viability of both ChR2-ESCs as well as native ESCs. Consequently, cells incubated with 5 lM RA were not used for subsequent analysis.
To identify rapidly acting effects of optical stimulation on ESC differentiation, cells were simultaneously assayed following the conclusion of stimulation. Immunostaining for the neural marker nestin and for the neuronal marker b3-tubulin followed by analysis of fluorescence histograms and direct quantification of neuronal cells obtained by confocal microscopy was used to quantify neural and neuronal lineage differentiation, along with imaging of cellular nuclei using DAPI. Figure 5A and 5B shows a three-dimensional projection of two typical confocal z-stacks of single ROIs, displaying both DAPI (blue) and nestin (red) fluorescence. Optically stimulated cells consistently showed higher nestin immunoreactivity (Fig. 5B ) compared with nonstimulated cells (Fig.  5A) , whereas optical stimulation interestingly was ineffective in the absence of RA (Fig. 5C ). To quantify this effect, we generated fluorescence intensity histograms of all ROIs across all wells in each condition (resulting in more than 150 confocal images per condition). These intensity histograms revealed considerable differences between stimulated and nonstimulated ChR2-ESCs ( Fig. 5F ; p < .01, Kolmogorov-Smirnov test [44] ). We next conducted an experiment to test the possibility that the nestin distributions of unmodified (''native'') optically stimulated ESCs (Fig. 5D ) and ChR2-YFP optically stimulated ESCs (Fig. 5F ) could represent samples from the same distribution; after automated optical stimulation, repeated as in the earlier experiment and subsequent blinded analysis, we found that this hypothesis could be rejected (p < .001; two-tailed K-S Z ¼ 5.43); Figure 5F and 5G shows the observed increase in high levels of optically induced nestin expression in the ChR2-YFP cells. We calculated the mean nestin fluorescence intensity in each condition, and comparing optically stimulated with nonoptically stimulated cells across all conditions revealed that only ChR2-YFP ESCs incubated with 2.5 lM RA showed a significant optogenetically induced increase in mean nestin expression (p < .01, two-tailed t test; Fig. 5G ). In the presence of 1 lM RA, a nonsignificant trend toward higher nestin expression in the setting of optical stimulation was observed, whereas in 0 lM RA, no effect of optical stimulation was observed (e.g., Fig. 5C ). To exclude the hypothesis that optogenetic stimulation only modulates neural, but not neuronal differentiation, we conducted an independent quantification of the early neuronal marker b3-tubulin. Blinded analysis of confocal images after staining with b3-tubulin allowed for a direct quantification of b3-tubulinpositive cells (Fig. 5H, 5I) . Neuronal, b3-tubulin-expressing cells could be easily distinguished from non-neuronal cells. For normalization, the number of b3-tubulin-positive cells of the experimental condition native ESCs, without stimulation, with 2.5 lM RA was defined as 100%. Across all stimulation conditions, no or only single b3-tubulin-expressing cells could be detected without the presence of RA. Incubation of native ESCs with 1 lM RA lead to about 30% b3-tubulinpositive cells, with or without optical stimulation. A nonsignificant increase of neuronal differentiation became apparent when comparing optically stimulated and nonstimulated ChR2-ESCs. At 2.5 lM RA, again no increase in neuronal cells in response to optical stimulation could be observed (Fig. 5J ) in native ESCs. In contrast, optically stimulating ChR2 ESCs in presence of 2.5 lm RA led to a significant increase of neuronal cells (Fig. 5K) .
DISCUSSION
Depolarization has been reported in other studies to modulate neural differentiation processes in dividing cells [49] [50] [51] [52] , and depolarization and calcium waves have both been observed in proliferating CNS progenitors in situ [30, 53] . The specific signal transduction cascades mediating the influence of membrane depolarization events in early development remains unclear, but Ca 2þ and Ca 2þ channels may play a key role and ChR2 is well suited to recruit these mechanisms; indeed, emerging evidence points to the expression of VGCCs during early stages of embryonic development [54, 55] , which may allow ChR2 to recruit Ca 2þ -dependent cellular processes not only via its own light-activated Ca 2þ flux but also by activating native VGCCs as differentiating cells mature. Krtolica et al. [56] reported enhancement of hematoendothelial differentiation on chronic depolarization of human ESCs. In all of these cases, as we observed with the RA gating of optogenetic modulation, depolarization or Ca 2þ influx will likely depend on other patterning and lineage-specific differentiation factors, and more studies are clearly needed to investigate the precise temporal patterns and combinatorial interactions of Ca 2þ with other signaling messengers.
Studies have shown the induction of iPSCs from somatic cells [57] [58] [59] [60] [61] , significantly expanding the possible sources of stem cells in regenerative medicine but further highlighting the ongoing need for selective and highly sensitive stem cell differentiation and control tools. Globally applied stimuli such as growth factors and organic compounds will affect all cells present, including nondividing constituents of the stem cell niche as well as the stem cells and their progeny, but it is unlikely that these growth factors will have the same desired effect in all of the very different cells present in the typical differentiation milieu. By targeting optical control to either the proliferating cells or to niche constituents like astrocytes, optogenetic control of intracellular signaling will allow selective control of the desired cell type [41] . Future studies may further capitalize on the genetic targeting of optical control to selectively drive differentiating cells within complex multiple cell-type environments.
CONCLUSIONS
Indeed, this optical specificity principle extends to the selective control of fully differentiated stem cell progeny in situ. Minimally invasive fiberoptic strategies [33, 34, 37] have brought optogenetics to the fully intact, behaving mammal.
Transplanted cells may require electrical activity to drive the final stages of phenotype consolidation and to fully integrate into host neural circuitry, representing the central goal of stem cell-based regeneration medicine. Yet the lack of precise tools to drive only the transplanted cells has hindered progress on this front. Compared with conventional electric stimulation or drugs, the genetic targeting of ChR2 makes it possible to specifically and reversibly drive precise amounts of activity in the transplanted ESCs and their progeny, which moreover do not require addition of chemical cofactors in vivo for ChR2 function. Finally, optically driving only the transplanted cells, with behavioral readouts or noninvasive imaging readout modalities like functional magnetic resonance imaging (fMRI) (and without the serious problem of signal interference from metal electrodes), opens the door to imaging and tuning the specific contribution of transplanted cells in the restoration of network activity and circuit dynamics, for example, in Parkinson's disease [62] . With these approaches and others, optogenetic technologies have the potential to become valuable tools in stem cell biology and regenerative medicine.
